A self-powered, sliding electrification based triboelectric sensor was developed for detecting PH value from a periodic contact/separation motion. This innovative, cost-effective, simply designed sensor is composed of a fluorinated ethylene propylene thin film and an array of electrodes underneath. The operation of the TENG (triboelectric nanogenerator) sensor relies on a repetitive emerging-submerging process with traveling solution waves, in which the coupling between triboelectrification and electrostatic induction gives rise to alternating flows of electrons between electrodes. On the basis of coupling effect between triboelectrification and electrostatic induction, the sensor generates electric output signals which are associated with PH value. Experimental results show that the output voltage of the TENG sensor increases with the increasing PH value, which indicate that the PH value of different solution can be real-time monitored. This work not only demonstrates a new principle in the field of PH value measurement but also greatly expands the applicability of triboelectric nanogenerator (TENG) as self-powered sensors.
Introduction
As one of the analytical devices, pH sensors play an important role in many fields such as environment monitors, biological analyses, blood monitors, and medical detection [1] . Over the past decade, major advances have occurred in PH measurement based on electrochemical effects, such as modification of nanostructured pH sensing electrodes [2] and doping of nanostructured single electrode of electrochemical sensors [3] . However, widespread usage of these techniques is likely to be shadowed by possible limitations, including structure complexity, requirement of sophisticated materials, and reliance on external power source. Recently, triboelectric nanogenerator [4] [5] [6] [7] [8] [9] [10] , creative invention based on the coupling of the universally known contact electrification effect and electrostatic induction, has been extensively explored to establish cost-effective and robust self-powered sensing systems, including but not limited to vibration sensor [11] , motion sensor [12] , acoustic sensor [13] , biosensor [14] , displacement vector sensor [15] , acceleration sensor [16] , wind vector sensor [17] , tactile sensor [18] , tracking sensor [19] , and chemical sensor [20, 21] . Here, based on the previous research of harvesting water wave energy with TENG [22] , we, for the first time, introduce a new principle in PH detection by fabricating a triboelectric sensor. The as-fabricated selfpowered sensor is based on a periodic contact/separation between PH solution and a fluorinated ethylene propylene (FEP) film. The ions of the buffer solution with different PH value induced variation in surface potential are readily measured as a change in triboelectric voltage of the TENG sensor. Triggered by the output voltage signal, the PH value of the buffer solution can be real-time monitored. This work not only presents a new principle in the field of PH measurement but also greatly expands the applicability of TENGs as power self-powered sensors.
Results and Discussion
The presented self-powered PH sensor has a fork-finger structure, which is shown in Figure 1(a) . On one side of a fluorinated ethylene propylene (FEP) thin film, four parallel strip-shaped electrodes are fabricated, which are discrete with a fine gap in between, as well as polyethylene terephthalate (PET) as the substrate. FEP is selected as the contact material for its hydrophobic property and high negativity in the triboelectric series [23] . As the area of the device submerged cyclically varies with the wave, free electrons are driven to flow alternatingly between electrodes, generating AC output electricity on the external load.
The operation of the TENG sensor involves a repetitive emerging-submerging process with traveling solution waves, which result in the coupling between triboelectrification and electrostatic induction between the TENG sensor and solution buffer and thus give rise to alternating flows of electrons. The electricity-generating process is described through a basic unit in Figure 2 . We define the initial state (Figure 2 and receded away from the bottom electrodes, respectively. The contact electrification between triboelectrically negative materials and solution renders the negative triboelectric charges on the surface of FEP thin film (Figure 2(a) ). These surface charges can remain for a long period of time due to the insulating property of the polymer material [24] . When electrode A is increasingly submerged by the rising solution wave, positive ions in solution are attracted by the negative triboelectric charges on the FEP surface to form an interfacial electrical double layer (EDL). This asymmetric distribution of charges on FEP surface establishes the positive electric potential difference from electrode A to electrode B, driving electrons to flow from electrode B to electrode A (Figure 2(a) ). Once the rising buffer solution reaches the gap between two electrodes, a maximum quantity of induced charges on the electrodes will be attained, leaving no electrons transferred (Figure 2(b) ). As the rising water continues to submerge electrode B (Figure 2(c) ), induced electrons flow back to electrode B since the electric potential difference between the two electrodes decreases until electrode B is fully submerged by buffer solution (Figure 2(c) ). When the device is completely covered by buffer solution, a symmetric screening of triboelectric charges is achieved, and therefore the electric potential difference decreases to zero with no electrons transfer between electrodes. Then the wave begins to recede and expose electrode B and, thereby, the increasing electric potential difference drives electrons to flow from electrode B to electrode A (Figure 2(d) ). Once the solution surface returns to the gap between two electrodes, a maximum quantity of induced charges on the electrodes will be obtained again without electron flowing (Figure 2(e) ). Subsequently, the solution level falls down and exposes electrode A and the decreasing screening area results in electron flow from electrode A to electrode B (Figure 2(f) ). Finally, the TENG sensor fully emerges from buffer solution and completes a whole cycle. The hydrophobic surface of FEP thin film repels solution immediately after emerging from solution surface. Consequently, as the device submerges and emerges from the waving solution, two pairs of alternating electron flows are brought about between the two adjacent electrodes, leading to power generation and outputting the corresponding signal, which can indicate the PH value of buffer solution.
In the previous research, nanowire-based modification from polymer nanowires plays a key role in increasing the output power [22] . However, nanowire-based modification is not very good for the PH detection. Here, the electric output of the sensor was improved by investigating two factors, that is, velocity of the relative movement and aspect ratio of the device. For TENG, the velocity is an important factor. The bigger the velocity was, the more the kinetic energy was produced and thus more triboelectric charges were generated on the FEP surface. As shown in Figure 3(a) , the output voltage oc has an approximately linear relationship with the velocity. The induced voltage increases as the velocity increases from 0.1 to 0.7 m/s, which was similar to the previous studies on electrification between a fluorinated polymer and water [23, 24] . At the same time, the aspect ratio of the device is another important parameter that has a decisive effect on the electric output of the TENG sensor. Previous studies reported that preexisting charges in the solution can influence subsequent charge transfer with a solid surface [25, 26] . In order to optimize the aspect ratio, the TENG sensor was driven by a linear motor in a fixed velocity. When the TENG sensors do the reciprocating motion in the solution, the charge resulting from triboelectrification will transfer between the surface part of the solution and the TENG surface. Once the TENG starts to dip into the buffer solution, the surface part of the solution is positively charged instantaneously. As the TENG continues to dip into the buffer solution, preexisting positive charges in the solution will be increased thus decreasing the electrification. The more the area of the TENG sensor that will be submerged into the solution, the weaker the electrification that will be produced. Compared to the bottom part, the top part of the TENG may own a lower surface charging density.
For the fixed TENG surface area, more surface triboelectric charges and thus higher electric output will be produced accordingly for a narrower TENG with a higher aspect ratio has a shorter interaction distance with the solution, which was illustrated by the increasing oc in Figure 3(b) . Therefore, according to the relationship between the electric output and the aspect ratio, the optimized size of the electrode and the TENG sensor with high performance will be achieved.
To demonstrate applications of the TENG for selfpowered PH measurement, we mounted the sensor onto the linear motor to ensure reciprocating motion through the motor-controlling program for monitoring the PH value of the container in real-time. The buffer solution was driven by linear motor mounted with the TENG sensor to form a repeated wave motion. According to the measurement results plotted in Figure 5 , the output of TENG sensor is associated with the PH value. The output voltage increases with the increasing PH value. This result indicates that the output voltages of the TENG sensor are affected by the electrolytes in solution. This is due to the fact that FEP film cannot completely eliminate the adhesion of solution droplet after it emerges from solution. The residual electrolytical solution, including positive dissolved ions, remains on the surface and will partially screen the triboelectric charges on the FEP film, reducing the electrostatic induction and thus the electric output [26] . A low positive ion (H + ) concentration assists generation of the triboelectric charges, while a high concentration has the opposite effect [21] . The buffer solution with lower PH value indicates more H + concentration and renders more positive ions in electrolytical solution.
Conclusions
In summary, a self-powered sensor for PH measurement using triboelectrification was firstly demonstrated. The sensor has a fork-finger structure composed of FEP material and metal electrodes, as well as PET as the substrate. The reciprocating motion between TENG sensor and buffer solution leads to charge transfer between the adjacent Cu bottom electrodes, generating AC voltage in the external circuit. The output voltage of the TENG sensor varies with the buffer solution with different PH value due to the different ion concentration. And the PH value of buffer solution can be actively monitored in real-time by reading the output voltage. This work not only presents a new principle in the field of PH measurement but also greatly expands the applicability of TENGs as self-powered sensors. The electricity was generated through triboelectric effect at the solid-liquid interface upon directly interacting with ambient buffer solution, showing a practically feasible technology for water quality monitoring and environment protection.
Experimental Section
4.1. Fabrication of a TENG Sensor. A 1.5 mm thick acrylic sheet was cut into a hollow mask by precision laser cutting. The patterns in the mask were the same as electrodes. Then the mask was mounted onto the FEP film. The Cu layer was deposited onto the exposed PET surface by physical vapour deposition (PVD) to prepare the parallel electrode. Lead wires were connected to the electrodes as output terminals with one-to-one correspondence. Subsequently, a 75 mm thick FEP film was attached to the PET substrate.
Experimental Setup for Electric Measurement.
TENG sensor was mounted vertically on the electrical linear motor. The sheet was immersed into the different PH buffer solution and perpendicular to the solution surface. The moving direction of the motor was perpendicular to the array of stripshaped electrodes. A container filled with buffer solution was placed under the device with the water level adjacent to the device edge. The reciprocating motion of the TENG sensor was achieved through the motor-controlling program. The reciprocating motion of the linear motor forms waves of tap solution in the container. The output leads of TENG sensor were connected to Keithly 6514.
